The most general two Higgs doublet model contains new sources of flavour violation that are usually in conflict with the experimental constraints. One possibility to suppress the exotic contribution to the flavour changing neutral currents consists on imposing the alignment of the Yukawa couplings. This condition presumably holds at a high-energy scale and is spoiled by the radiative corrections. We compute in this letter the size of the radiatively induced flavour violating Higgs couplings at the electroweak scale. These also yield the absolute lower bound on the size of the exotic contributions to the flavour changing neutral currents in any two Higgs doublet model, barring cancellations and the existence of discrete symmetries. We show that these contributions are well below the experimental bounds in large regions of the parameter space.
Introduction
The LHC finally set out to find the Higgs and in anticipation of its results it is important to consider all viable scenarios for the Higgs sector in order to be able to interpret the data once they arrive. The simplest extensions of the SM Higgs sector are so-called two Higgs doublet models (2HDM) where a second Higgs doublet is added to the SM particle content. In addition to the three Goldstone bosons needed to generate the gauge boson masses, there are then five physical Higgs particles: two neutral scalars h and H, one neutral pseudo-scalar A and two charged scalars H ± .
In the most general 2HDM there are two Yukawa matrices per fermion type (up-type quarks, down-type quarks, leptons) which cannot be simultaneously diagonalized. Without any further protection, this leads to unacceptably large flavour changing neutral currents (FCNCs). Therefore in the literature mostly 2HDMs with a discrete symmetry have been considered, ensuring that each right-handed fermion field can couple to no more than one Higgs doublet. There are several choices of the discrete symmetry. The ones most often studied are referred to as type I (only one of the Higgs doublets couples to the fermions) or type II (down-type quarks and leptons couple to one Higgs doublet, up-type quarks to the other) 2HDM. FCNCs are completely absent at tree level in such models.
A generic way to suppress the FCNCs consists in imposing the hypothesis of Minimal Flavour Violation to the flavour symmetry breaking parameters [1] . This hypothesis is implemented in the aligned two-Higgs Doublet model recently discussed in [2] : If the two Yukawa couplings for each fermion type are aligned, they are simultaneously diagonalizable and FCNCs are absent at tree level. This ansatz is more general than discrete symmetries in two ways: Firstly, it contains type I and type II and all other 2HDMs with discrete symmetries as particular cases. Secondly, it allows to have additional sources of CP violation in the Yukawa sector, in contrast to type I and II 2HDM.
The alignment condition presumably holds at a high-energy scale and, in general, will be spoiled by quantum corrections. In this letter we analyse the size of these corrections in order to determine the viability of this scenario. Furthermore, in the absence of cancellations and in the absence of ad hoc discrete symmetries, this scenario yields the lower bound on the exotic contributions to the FCNCs in any 2HDM. The paper is organized as follows: In sec. 2 we recapitulate the 2HDM and Yukawa alignment. In sec. 3 we present an approximate solution to the renormalization group equations (RGEs) in a 2HDM with Yukawa alignment. Therefrom we derive expressions for the flavour violating neutral Higgs couplings in the quark sector in sec. 4. Bounds on the parameters entering in these couplings are then derived from experimental constraints on meson-antimeson mixing and the leptonic B decay in sec. 5. Finally we conclude in sec. 6.
The 2HDM with Yukawa alignment
The general 2HDM we consider has the same fermion content and SU(3) 
where i, j are flavour indices andφ a = iτ 2 φ * a . The neutral components of the two Higgs doublets acquire vacuum expectation values (vevs) during electroweak symmetry breaking (EWSB) which in general can be complex. While one phase can be rotated away, the phase difference is physical. Nevertheless we can choose to work in a basis where both vevs are positive, shifting the phase to the potential and the Yukawas:
In order to minimize the FCNC effects without imposing ad hoc discrete symmetries we postulate that at a high energy cut-off scale, Λ, the Yukawa couplings of the same fermion type are aligned [2] . We parameterize this condition as:
The type I 2HDM is contained in this parameterization as the special case ψ u = ψ d = ψ e = 0 and type II as
.
Radiative corrections to the aligned Yukawa couplings
The renormalization group equations (RGEs) for a general 2HDM with Yukawa alignment have been derived in [3] . We reproduce them in our notation in appendix A. The radiative corrections introduce a misalignment of the Yukawa couplings at low energy. To see whether this leads to unacceptably large FCNCs, we solved the RGEs numerically and analytically using the so-called "leading log approximation" which estimates the down-type quark cou-plings at the electroweak scale as:
and similarly for the Yukawa matrices of the up-type quarks and leptons. Inserting the β-function (49), the coupling at the EW scale takes the form:
where the coefficients k
d can be found in appendix B, as well as the corresponding formulae for up-type quarks and leptons.
Flavour violating neutral Higgs couplings
To derive the low energy Lagrangian it is convenient to rotate the Higgs fields to a basis where only one of the two doublets, say Φ 1 , gets a vev:
Here tan β =
is the ratio of the vacuum expectation values in the original basis. In the new basis the Lagrangian can be written in the following form (quark sector):
where 
In order to rewrite the Lagrangian eq. (9) in terms of the mass eigenstates, we first express the Higgs doublets Φ 1 , Φ 2 in terms of the physical Higgs fields h, H, A, H ± and the Goldstone bosons G 0 , G ± :
for a CP conserving Higgs potential and where α is the mixing angle of the mass eigenstates. Note that in a general 2HDM the ratio of the expectation values tan β has no well defined meaning. The basis of the Higgs fields can be freely chosen and we could just have started in the basis Φ 1 , Φ 2 instead of φ 1 , φ 2 (thus setting β = 0). The only relevant mixing angle is therefore α − β. This is in contrast to 2HDM type I and II where there is a clear distinction of the two Higgs doublets by the way they couple to the fermions. The ratio of the two vevs then gets a real, physical meaning.
Finally, we perform unitary transformations in flavour space of the quark fields
in order to diagonalize the quark mass matrices:
In this new basis, where the Higgs and quark mass matrices are all diagonal,
are not diagonal and thus give rise to the following flavour violating neutral Higgs couplings:
where:
It is possible to calculate approximate expressions for ∆ u , ∆ d noting that:
and analogously for ∆ d . Substituting eqs. (7), (10) and (11) and keeping the lower order terms in ǫ u , δ u we find that the off-diagonal couplings read: where, assuming real ψ u , ψ d : In the Wolfenstein parameterization Using the Wolfenstein parameterization of the CKM matrix [4] :
with λ ≈ 0.2, A ≈ 0.8, ρ ≈ 0.2 and η ≈ 0.3 [5] and the approximate expressions
we get the following estimates:
and smaller values for the (21), (31), (32) entries.
In the Cheng & Sher parameterization
The non-diagonal couplings of 2HDM are often parameterized as [6] :
Bounds on the coefficients λ u,d
i j have been derived from experimental results e.g. in [7] . These bounds depend on the masses of the Higgs bosons and on whether the parameters λ u,d i j are assumed to be universal or to posses some kind of hierarchy. We do not assume universality. Instead the Yukawa alignment condition leads to:
Experimental Bounds
In general, there are numerous experimental bounds on the parameters of 2HDMs. Constraints derived for the type I or type II apply also in our scenario as it is more general. In [2] bounds on the aligned 2HDM have been studied explicitly. As the alignment condition is broken by radiative corrections, in addition tree-level FCNCs are present. This leads to further constraints on the parameters of this type of 2HDMs, as FCNCs are known from experiment to be highly suppressed.
Meson-antimeson mixing
Stringent experimental bounds on FCNCs come from meson-antimeson mixing. In the SM this mixing can occur only at loop level while in a general 2HDM there is also a tree level mediation, see fig. 2 (a). As the flavour eigenstates are thus not mass eigenstates this mixing leads to tiny mass differences that have been determined experimentally for B 
where in a 2HDM with flavour violation at tree level the relevant operators are:
The corresponding Wilson coefficients can be read off the effective Hamiltonian to be:
and the meson-antimeson mass difference can be calculated as:
where the coefficients P a i include both the renormalization group evolution from the high scale m Z down to low energy ∼ m B s and the hadronization of the quarks to mesons. They can be calculated using the formulae in [8] and lattice QCD results from [9] . For the B 
is always neglible, whereas C LR 2 dominates only for degenerate Higgs masses or in the decoupling limit (c α−β → 0, m H ≈ m A ). Therefore:
The SM prediction for the mass difference ∆m 
Thus, even for light Higgs masses, O(100 GeV), the present experimental constraints from meson-antimeson mixing allow E d to be of O(1). In the case of degenerate masses or the decoupling limit the bound is even weaker: 
Leptonic B decays
The decayB s → l + l − (l = e, µ, τ), based on the flavour transition b → s, is another example of a process that can be mediated at tree level in a general 2HDM (see fig. 2(b) ) but neither in the SM nor in an aligned 2HDM. As the branching ratio depends on the lepton Yukawa coupling one expects the decayB s → τ + τ − to be favoured. However, the produced τ's decay immediately to jets and leptons whose observed invariant mass will not reconstruct back to the mass of the B meson, so that these decays cannot be tagged in detectors [12] . In contrast, taggingB s → µ + µ − is rather easy leading to an unparalleled bound on the branching ratio.
Integrating out the Higgs boson, the matrix element for the h exchange is, assuming real ∆ e 22 (see Feynman rule (74)):
since B s |sb |0 is zero, asB s is parity-odd, whereassb is parity-even (see e.g. [13] ). On the other hand, the matrix element for H exchange is of the same form as eq. (42), with the replacements c α−β → s α−β , s α−β → −c α−β , m h → m H . Lastly, the invariant amplitude for the exchange of a pseudo-scalar A can be inferred from eq. (75) to be:
The decay rate can now be straightforwardly calculated from the decay amplitudes. Using
and neglecting again terms proportional to [∆ d ] ji, j>i we obtain:
Requiring that the tree level alone does not exceed the present experimental bound BR(B s →
Hence for Higgs masses of O(100 GeV) and E d of O (1) 
Conclusions and outlook
We have studied in this letter the general two Higgs doublet model imposing that the Yukawa couplings for each fermion type are aligned at a high energy cut-off scale. This hypothesis guarantees the absence of new sources of flavour violation at tree level. We have shown, however, that quantum corrections spoil in general the alignment condition, inducing small flavour violating Higgs couplings at low energies. Without imposing ad hoc discrete symmetries and in the absence of tunings, the radiatively induced flavour violation in the Higgs sector yields the minimal size of the exotic contributions to the FCNCs in any 2HDM. We have shown that, for a wide range of parameters, this exotic contribution is well below the experimental constraints from meson-antimeson mixing and leptonic B-decays.
In this letter we have concentrated on the constraints in the hadronic sector although the analysis can be extended to the leptonic sector. In the minimal extension of the Standard Model with one extra Higgs doublet, the Yukawa alignment in the leptonic sector is preserved after including the radiative corrections, due to the exactly preserved family lepton numbers. However, this scenario is incompatible with the observed neutrino oscillations. In a forthcoming publication [14] we will analyse the implications for the lepton flavour violating processes of the 2HDM with heavy right-handed neutrinos, necessary to generate neutrino masses through the see-saw mechanism.
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Note added:
Simultaneously to the submission of this manuscript, the related works [15, 16] appeared. Our conclusions agree in the aspects where the analyses overlap.
Appendices

A RGEs of the Yukawa couplings
The Renormalization Group Equation of the Yukawa couplings reads
B.3 Leptons
As there are no vertex corrections in the leptonic sector, the coupling at the electroweak scale has a different structure:
e Y e + δ 
